Abstract: In this paper, a novel microwave photonic mixer based on a single integrated dual-drive dual-parallel Mach-Zehnder modulator (DD-DPMZM) is proposed. One submodulator is used to generate a single sideband (SSB) signal of the local oscillator, whereas the other submodulator is used to generate a double sideband signal of the radio-frequency signal. By adjusting the main dc bias of DD-DPMZM, we can suppress the optical carrier at the output of the DD-DPMZM. Mixed signals can be obtained after a photodiode. The structure features the advantages of high conversion efficiency and the elimination of dispersion-induced power fading. An experiment is carried out to verify the effectiveness of the scheme, and a significant improvement of 15.5 dB in conversion efficiency compared with the conventional photonic mixer is achieved. In addition, it avoids the influence of fiber dispersion. The proposed mixer is promising to find applications in future wideband wireless communication systems.
Introduction
The microwave mixer is a very important device for microwave signal processing. Conventional electrical mixers have limited bandwidth (poor frequency band flexibility) and low isolation. The microwave photonic mixer is possibly a good solution due to its high isolation and wide bandwidth (full frequency band) [1] - [4] . In addition, for future wireless communication system, we may need to transmit radio frequency signals between the base station and remote antennas, it is desirable that the microwave photonic mixer can avoid power fading induced by fiber dispersion [5] .
Many different microwave photonic mixer structures have been reported. The basic structure which cascades two electro-optic intensity modulators was demonstrated in [6] . The radio-frequency (RF) signal and the local oscillator (LO) signal are applied to the two modulators respectively. It offers wide bandwidth, and has good isolation between LO and RF port, but the mixer exhibits low conversion efficiency. Various methods to improve the conversion efficiency have been studied. In [7] , a scheme using an electro-optic phase modulator inside a Sagnac loop interferometer implements improvement in conversion efficiency as well as spurious free dynamic range (SFDR), but the structure is somewhat complicated. In addition, there are some other schemes to improve conversion efficiency, such as low biasing the optical modulator [8] or controlling the driving voltage of the optical modulator [9] , [10] , bidirectional using of a phase modulator [11] or cascading phase modulators [12] . However, these mixers either have a complex structure, or increase the nonlinearity of the system. Besides, the schemes above all suffer from power fading after transmitting over dispersive fiber. In [13] , a dual-parallel modulator was used to implement high conversion efficiency, but it suffers from power fading after transmitting over dispersive fiber.
In this paper, we present a novel microwave photonic mixer based on a dual-drive dual-parallel Mach-Zehnder Modulator (DD-DPMZM). Since the optical carrier is suppressed, the conversion efficiency of this scheme is relatively high. The mixer is easy to implement because the DD-DPMZM is commercially available. The key significance of our scheme is that the approach can avoid the influence of the dispersion-induced power fading, and therefore, the dispersion compensation (CD) either in optical domain or electrical domain is not required and that is desirable for future wideband wireless communication systems.
Principle
The schematic diagram of the proposed microwave photonic mixer is illustrated in Fig. 1 . It mainly consists of a continuous-wave (CW) laser source, a DD-DPMZM and a photodiode (PD). The DD-DPMZM consists of three sub-MZMs. An RF signal is injected to MZM1 and a LO signal is applied to MZM2. The upper arm of MZM1 works as a phase modulator (PM) and the lower arm is only driven by a DC to induce a phase shift, a DSB signal of RF is obtained at the output of MZM1. On the other hand, MZM2 is biased at the quadrature point and a 90-degree phase difference is introduced between the two arms to get a SSB signal of the LO. By adjusting the DC biases of MZM1 and MZM3, the optical carriers output from MZM1 and MZM2 will cancel with each other. After detecting the SSB LO signal and the DSB RF signal by the PD, both upconverted and down-converted signals can be obtained.
The optical field at the output of the LD is written as E I ðt Þ ¼ E o exp jð! c t Þ, where E o and ! c denote the amplitude and the angular frequency of the optical carrier, respectively. The LO is given by LO ðt Þ ¼ V LO ðcos ! LO t Þ. The RF signal which carries the quadrature amplitude modulation (QAM) signal is expressed as RF ðt Þ ¼ A RF ðt Þcosð! RF t þ x ðt ÞÞ. V LO , A RF , and ! LO , ! RF are the amplitude and the angular frequency of the LO and RF signal, respectively. A RF ðt Þ, x ðt Þ contain the amplitude and phase information of the QAM signal, respectively. Applying the LO and RF signal to the upper and lower arm of the DD-DPMZM respectively, and neglecting the insert loss of the modulator, we can obtain the optical signal after the DD-DPMZM
and LO ¼ V LO =V , RF ¼ A RF =V are the modulation index (MI) of MZM1 and MZM2. 1 , 3 are the phase shift of the MZM1 and MZM3 induced by the DC biases.
From the above equation, we can conclude that the optical carrier can cancel with each other if the following equation can be solved:
Transforming the above equation as
Then, by adjusting the RF , LO and 1 , 3 properly, the optical carrier can be suppressed successfully.
In this scheme, we set RF ¼ 0:314 and LO ¼ 0:5024, then set 1 ¼ 86 , 3 ¼ 84 , the output from the DD-DPMZM only includes a SSB signal of the LO and a DSB signal of the RF
The transfer function of a dispersive fiber link is [5] 
where L is the length of the fiber, is the attenuation coefficient of the fiber, and 2 is the dispersion coefficient of the fiber. According to the optical signal after transmission over an SMF is expressed as
where
LO =2 are the dispersion-induced phase shifts of the RF and LO sidebands relative to the optical carrier, respectively.
After the PD, the output signal can be written as
Therefore, we can get the up-converted signal ðcos½ð (7), we can see that only a fixed phase difference is induced by the periodic fading. We can recover the QAM signal successfully because the phase and amplitude of QAM signal are well preserved in the frequency converted signal after fiber transmission.
If the LO and RF signal is DSB modulated, the signal output from the modulator is written as [14] 
The optical signal after transmission over an SMF is expressed as
Then, the optical signal is sent to a PD, the detected photocurrent can be expressed as
As seen from the above equation, the photocurrent of the IF signal is proportional to cosð' LO À ' RF Þ ¼ cosð 2 Lð! 2 LO À ! 2 RF Þ=2Þ. In other words, the photocurrent of IF signal is changed with fiber length and IF frequency periodically. Therefore, DSB modulation of LO and RF is influenced by the periodic fading severely.
In our scheme, owing to the absence of the optical carrier which does not carry information, high conversion efficiency can be realized. Moreover, only SSB signal of the LO exists, and therefore, the periodic fading induced by the fiber dispersion can be eliminated thoroughly.
Experimental Results and Discussion
A proof-of-concept experiment is performed and the set-up of the proposed scheme is shown in Fig. 1 . A continuous-wave light from a laser (Emcore1782) at 1552 nm with a power of 13 dBm is utilized. Since the pigtail of the laser is polarization-maintaining, external polarization control is not required when light injects to the DD-DPMZM (Sumitomo, T. SBZH1.5-20PD-DAC). The insertion loss of the modulator is 9 dB. The extinction ratio of each sub-MZM is 30 dB and the half-wave voltage is about 4 V. The upper arm of MZM1 is driven by a RF tone at 2.4 GHz (R&S SMBV100A). The LO signal at 13.6 GHz from another signal source (Agilent 83630B) is divided into two equal parts. One is used to drive the upper arm of MZM2, and the other one is used to drive the lower arm of MZM2 after a 90°phase shifter. MZM2 is biased at the quadrature transmission point to implement SSB modulation. The output of the DD-DPMZM is then amplified by an EDFA (KPS-STD-BT-C-18-PB) with a noise figure of 4 dB. The EDFA works in the automatic power control (APC) mode and has a fixed output power of 10 dBm. After amplification, the optical signal is sent to a tunable dispersion module (TDM). The TDM can simulate different lengths of fiber. An IF signal at 16 GHz can be detected by a PD (U2T MPDV1120RA) with a responsivity of 0.6 A/W and is analyzed by a spectrum analyzer (R&S FSW50) with a resolution bandwidth of 3 MHz.
Based on the principle in Section 2, we set the RF signal power to be −2 dBm to get the MI of 0.314, and obtain the MI of 0.5024 by setting LO signal power to be 3 dBm. Meanwhile, the DC biases of MZM1 and MZM3 are properly applied, and the maximum power of mixing signal is obtained.
To study the influence of the LO power on the conversion efficiency. As shown in Fig. 2 , we fix the RF power at −2 dBm, it is easy to find that the maximum IF level and minimum optical carrier level can be obtained when the LO power is 12 dBm, considering the loss of the cable, coupler and phase shifter, the power of the LO applied to each arm of MZM2 is actually about 3 dBm, which agrees well with the theoretical result.
The spectra and electrical spectrum of the signal are shown in Fig. 3 . Fig. 3(a) depicts the LO signal with SSB and the RF signal with DSB. The suppression ratio of the optical carrier can reach 25 dB which is better compared with other schemes. Fig. 3(b) depicts the electrical spectrum of the signal from the PD. The LO-IF isolation can reach 31 dB. Besides, the power of the IF signal reaches −18.5 dBm, and the conversion efficiency of the mixer is −16.5 dBm. In order to compare the conversion efficiency, the mixer based on a DD-DPMZM without suppression of optical carrier is also implemented experimentally. The spectra and electrical spectrum of the signal are shown in Fig. 4 .
As shown in Fig. 4(b) , the power of the IF signal is −34 dBm, and therefore, the conversion efficiency of the mixer is −32 dBm, indicating that the conversion efficiency under optical carrier suppression has a significant improvement of 15.5 dB. In addition, we can see that the LO-IF isolation is only −23 dB from Fig. 4(b) . It manifests that our scheme has a significant improvement of LO-IF isolation about 54 dB.
To further show the frequency conversion of broadband RF signal with or without carrier suppression. MZM1 is driven by a 2.4 GHz RF signal carrying 100 MBaud 16 QAM data. The constellations of signal in different conditions are given in Fig. 5 . By contrast, the EVM after carrier suppression achieves an obvious improvement of about 9%.
To show the influence of fiber dispersion, we adopt a tunable dispersion module to simulate different lengths of fiber. The dispersion value ranges from −800 ps to 800 ps, which equals to a fiber length range of 94 km, supposing the dispersion coefficient of fiber is 17 ps/nm/km. The photonic mixer with DSB modulation of both RF and LO signals is also carried out in the experiment. The output power of the IF signal corresponding to different dispersive values in SSB and DSB modulated mixer is plotted in Fig. 6 . It can be clearly seen that the power of the mixing signal with SSB modulation of LO signal only has slightly fluctuation with the variation of the dispersive value, while the power of the mixing signal with DSB modulation of LO signal experiences a significant periodic fading due to dispersion. To better investigate the influence of the periodic fading, we set the dispersive value to be 500 ps/nm in DSB and SSB based mixer, respectively, and the electrical spectrum of the received 100 MBaud 16 QAM signal are given in Fig. 7 . We can see the power fading of the 100 MBaud signal from Fig. 7. Fig. 8 depicts the constellation of the DSB and SSB under the 500 ps. Due to the elimination of dispersion-induced power fading, the EVM in the SSB based mixer is 7% lower than that in the DSB based mixer. Fig. 9 shows how the EVM varies with the optical power in the DSB and SSB based mixer. The back-to-back (BTB) mode of the DSB based mixer is also taken into comparison. After dispersion, the EVM of the DSB based mixer is usually 3-5% higher than the BTB mode, while the EVM of the SSB based mixer is close to that of the BTB mode, indicating a good transmission performance of the proposed SSB based mixer.
In our experiment in laboratory, the system last about half an hour, and we find the power and the frequency of the converted IF signal is stable. In practical systems, the bias drift of the modulator may deteriorate the stability of the system. This problem can be solved using commercial modulator bias controllers to lock the modulators at the desired working point.
Conclusion
In this paper, a new photonic microwave mixer based on an integrated DD-DPMZM is proposed and demonstrated experimentally. In this scheme, we use SSB modulation of the LO signal, rather than the SSB modulation of the RF signal, in case the frequency-dependent non-ideal phase shifter would distort the wideband RF signal. Thanks to the suppression of the optical carrier, high conversion efficiency can be obtained. Experimental results show that the proposed mixer has a 15.5 dB improvement in conversion efficiency compared with conventional mixers where carrier is not suppressed. More importantly, the SSB modulation based mixer is immune to dispersion-induced power fading. 
